FoxO (mammalian forkhead subclass O) proteins are transcription factors acting downstream of the PTEN (phosphatase and tensin homolog deleted on chromosome 10) tumor suppressor. Their activity is negatively regulated by AKT-mediated phosphorylation. Our previous studies showed that the transcriptional activity of the androgen receptor (AR) was inhibited by PTEN in an AKT-sensitive manner. Here, we report the repression of the activity of the full-length AR and its N-terminal domain by FoxO1 and the participation of FoxO1 in AR inhibition by PTEN. Ectopic expression of active FoxO1 decreased the transcriptional activity of AR as well as androgeninduced cell proliferation and production of prostate-specific antigen. FoxO1 knock down by RNA interference increased the transcriptional activity of the AR in PTEN-intact cells and relieved its inhibition by ectopic PTEN in PTEN-null cells. Mutational analysis revealed that FoxO1 fragment 150 -655, which contains the forkhead box and C-terminal activation domain, was required for AR inhibition. Mammalian two-hybrid and glutathione-S-transferase pull-down assays demonstrated that the inhibition of AR activity by PTEN through FoxO1 involved the interference of androgeninduced interaction of the N-and C-termini of the AR and the recruitment of the p160 coactivators to its N terminus and to the androgen response elements of natural AR target genes. These studies reveal new mechanisms for the inhibition of AR activity by PTEN-FoxO axis and establish FoxO proteins as important nuclear factors that mediate the mutual antagonism between AR and PTEN tumor suppressor in prostate cancer cells. (Molecular Endocrinology 23: 213-225, 2009) 
A ndrogens drive the growth and development of the prostate gland. In addition, androgens and the androgen receptor (AR) are also implicated in multiple pathological processes of the gland, including prostate cancer (PCa), a leading cause of cancer deaths in American men (1). The AR is a member of steroid/thyroid hormone receptor superfamily. It is a transcription factor activated by androgens such as testosterone and dihydrotestosterone (DHT) (2) . Similar to other steroid receptors, the AR is composed of an N-terminal domain (NTD) containing a major activation function, AF-1, a DNA-binding domain (DBD) with two C 2 C 2 zinc fingers, a hinge region, and a Cterminal ligand-binding domain (LBD), which contains a weak activation function, AF-2 (3). Androgens induce an interaction between the N-and C-termini of the AR, namely N/C interaction that involves the 23 FXXLF 27 motif and its flanking sequence in the NTD and a hydrophobic cleft in the LBD (4) , an event that is critical for the biological actions of the receptor (5, 6) . The transcriptional activity of the AR is modulated by an array of coregulators, including common coactivators and steroid receptor coactivators (SRCs) as well as AR-selective coactivators (7) . They convey the effect of the AR on androgen response element (ARE)-mediated transcription by directly remodeling the chromatin structure through the acetylation of core histones. Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a tumor suppressor gene frequently deleted in a variety of advanced human cancers, including cancers of the prostate (8, 9) . PTEN mutations have been identified in 10 -15% of all prostate tumors and in up to 60% of advanced PCa and PCa cell lines (9) . PTEN encodes a protein/lipid dual phosphatase the main in vivo substrate of which is phosphatidylinositol (3, 4, 5) -triphosphate, the product of phosphatidylinositol 3-kinase (PI3K). Growth factor-stimulated production of phosphatidylinositol (3,4,5)-triphosphate results in activation of AKT, allowing cell survival and proliferation. PTEN suppresses tumor growth by inhibiting the PI3K-AKT signal pathway (8) .
The mammalian forkhead subclass O (FoxO) family of transcriptional factors includes FoxO1, FoxO3a, FoxO4, and FoxO6. Except for FoxO6, each of them becomes a direct AKT substrate after cellular stimulation by growth factors or insulin, which inactivates FoxO by promoting their nuclear export, binding to 14-3-3, and degradation. Inactivation of FoxO proteins perturbs the critical balance between cell proliferation and death and contributes to tumorigenesis by promoting cell growth and cell survival (10) . Because PTEN suppresses AKT activity, it is expected that some aspects of PTEN action are mediated through FoxO factors. Consistently, genetic and biochemical analyses have shown that PTEN acts through FoxO factors to control oocyte activation (11) and cancer cell growth (10) .
Previous work from our laboratory showed a mutual repression between PTEN and the AR in the growth and the apoptosis of PCa cells (12) . We have also reported an AR-dependent repression of FoxO1 and FoxO3a functions by androgens (13) . The present study aims to clarify whether FoxO factors play a role in the inhibition of the AR by PTEN. We show that FoxO1 disrupts the binding of p160 SRCs to AR NTD and suppresses the N/C interaction of the AR. Moreover, PTEN inhibits AR N/C interaction and AIB1 recruitment to AR NTD, which is relieved by FoxO1 small interfering RNA (siRNA).
Results

FoxO factors inhibit AR transcriptional activity and mediate the AR suppression by PTEN
To test the involvement of FoxO1 in the suppression of AR activity by PTEN, the effect of active PTEN on AR activity was assayed in the presence or absence of a FoxO siRNA (14) that was effective in knocking down FoxO1, FoxO3a, and FoxO4 in mammalian cells (Fig. 1 and data not shown) . Ectopic expression of the active PTEN in PTEN-null PC3 cells (15) decreased AR activity on a synthetic ARE-based reporter relative to phosphatase-inactive PTEN. Cotransfection of FoxO siRNA relieved the suppression by PTEN in a dose-dependent manner. In PTEN-intact RWPE-1 cells, the FoxO siRNA increased AR activity in a dose-dependent manner (Fig. 1B) . This siRNA decreased the expression of endogenous FoxO1 without altering the level of AR, PTEN, and ␤-actin (Fig. 1, A and B) . These experiments show that endogenous FoxO factors decrease the transcriptional activity of the AR and mediate AR inhibition by PTEN. It is important to note that RWPE-1 is a nonneoplastic human prostate epithelial cell line immortalized by the human papilloma virus, HPV-18. This cell line was described as AR positive and androgen sensitive for growth (16) . In our hands, however, the cell expresses low basal levels of AR protein and is androgen insensitive. Androgen-induced transcriptional activity was only detectable when ectopic AR was expressed (data not shown).
We next tested whether ectopic expression of FoxO1 inhibited AR transcriptional activity. In PTEN intact COS-7 cells, wild-type FoxO1 decreased ectopic AR activity in a dose-dependent manner ( Fig. 2A) but not the level of AR protein expression (Fig. 2B) . In PC3 cells that contain low levels of nuclear FoxO factors, due to loss of PTEN and the increase in the kinase activity of AKT, a nuclear FoxO1, FoxO1ca, in which all three AKT phosphorylation sites were mutated to alanines (13), decreased androgen-induced AR activity whereas wild-type FoxO1 had little effect (Fig. 2C) . Parallel immunoblotting analyses showed that wild-type FoxO1 was expressed to a level higher than FoxO1ca (Fig. 2D) , showing that the lack of an effect of wild-type FoxO1 on AR was not due to its insufficient expression. Furthermore, in the absence of AR, FoxO1ca did not decrease the activity of the basal AR reporter, demonstrating that the inhibition is AR specific (Fig. 2E) .
To determine whether FoxO1 also represses the activity of endogenous AR on the promoter of natural androgen target genes, we transfected FoxO1ca into PTEN-null, AR-positive LNCaP cells (15) and examined its effect on the activity of endogenous AR on p(Ϫ286/ϩ28)PBLuc reporter in which the expression of firefly luciferase gene is under the control of the rat probasin gene promoter (17) . As shown in Fig. 2F , the transcriptional activity of endogenous AR was stimulated by its natural ligand DHT, and FoxO1ca inhibited the activity in a dosedependent manner. These data suggest that the inhibition by active FoxO1 is not limited to ectopic AR or synthetic AREs.
Defining FoxO1 domains involved in AR repression
FoxO1 is a 655-amino acid protein with a short N terminus, a highly conserved forkhead box necessary for DNA binding, a LXXLL motif, and a proline-, acidic residue-, and serine/threonine-rich activation domain (AD) (18) . To define the FoxO1 domain involved in AR repression, we generated a set of plasmids expressing different regions of FoxO1ca (Fig. 3A) and tested their ability to inhibit the activity of the AR ectopically expressed in PC3 cells on ARR 3 TKLuc, a reporter gene in which the expression of the firefly luciferase gene is under the control of three copies of the complex ARE present in the proximal region of the rat probasin gene and the promoter of the thymidine kinase gene (19) . In these assays, FoxO1ca [amino acids (aa) 150 -655] decreased AR activity to a similar degree as full-length FoxO1ca whereas FoxO1ca (aa 1-150), FoxO1ca (aa 150 -270), FoxO1ca (aa 1-270), FoxO1ca (aa 150 -537), and FoxO1ca (aa 256 -655) did not decrease AR activity (Fig. 3B) . Parallel immunoblotting analyses showed that the FoxO1ca fragments were expressed to a level either comparable with or higher than that of full-length FoxO1ca, showing that the lack of inhibition by the FoxO1 fragments was not due to their insufficient expression (Fig. 3B) . Similar results were obtained with endogenous AR on p(Ϫ286/ϩ28)PBLuc reporter in LNCaP cells (Fig. 3C ). These analyses demonstrate that the inhibition of AR activity by FoxO1 requires the forkhead box and the C-terminal activation domain whereas the N-terminal 150 amino acids are nonessential.
SRC proteins interact with nuclear receptors via short motifs called "nuclear receptor box" (NR box) consisting of the amino acid sequence LXXLL, where X can be any amino acid. The presence of a putative NR box sequence , close to the C-terminal AD of FoxO1, prompted us to test whether this motif is involved in the AR repression by FoxO1. We generated a mutant FoxO1, FoxO1CaNR, in which the LKELL motif was mutated to WKEWL, and assessed its ability to inhibit AR in PC3 cell. As shown in Fig. 3D , the mutant FoxO1 inhibited the AR activity to the same degree as FoxO1ca. Parallel immunoblotting analyses showed that the FoxO1caNR was expressed to a comparable level as FoxO1ca and did not have an effect on AR expression. These analyses suggest that mutations of the putative NR box do not affect the ability of FoxO1ca to inhibit AR.
Because AR inhibition by FoxO1 requires the DBD, it is possible that a FoxO1 target gene mediates it. Although there are multiple ways for FoxO factors to regulate gene expression (20) , the primary mechanism is through the binding of forkhead box to insulin-response sequences (IRS). To test whether the AR inhibition depends on the ability of FoxO1 to bind IRS elements, we generated a FoxO1 mutant, FoxO1caH215R, in which a conserved histidine in helix 3 of the forkhead box was mutated to arginine to abrogate its ability to bind IRS (20) and tested its ability to inhibit AR. As shown in Fig. 3E , FoxO1caH215R inhibited AR activity to the same degree as FoxO1ca. Parallel immunoblotting analyses showed that the FoxO1caH215R was expressed to a comparable level as FoxO1ca and did not have an effect on AR expression.
These analyses show that the forkhead box and the AD in the C terminus are required for AR inhibition, but the inhibition occurs independently of the putative NR box and the ability of FoxO1 to bind IRS. that FoxO1 may inhibit AR activity by disrupting the N/C interaction. Accordingly, we tested the effect of FoxO1 on AR N/C interaction in a mammalian two-hybrid assay. As shown in Fig.  4A , cotransfection of AR LBD fused to Gal4 DBD (Gal4-LBD) and AR NTD fused to the VP16 AD (VP16-NT) allowed a strong androgen-induced activation of the cotransfected Gal4 reporter gene in PC3 cells, which was inhibited slightly by wild-type FoxO1 and strongly by FoxO1ca in a dose-dependent manner (Fig. 4A ). Wild-type FoxO1 or FoxO1ca did not decrease the activity of the Gal4 reporter in cells expressing VP16-NT or Gal4-LBD alone or in cells expressing both but treated with vehicle ( Fig. 4A) . In agreement with the two-hybrid data, glutathione-S-transferase (GST) pull-down assays showed that the ability of androgen-bound GST-LBD to precipitate the in vitro-translated AR-NTD protein in test tube reactions was suppressed by FoxO1 (Fig. 4B ). These data suggest that one mechanism by which active FoxO1 inhibits the transcriptional activity of AR is to disrupt the androgen-induced N/C interaction. Consistent with this idea, the ability of FoxO1 to inhibit AR N/C interaction depended on the protein region aa 150-655 that contains both the forkhead box and the C-terminal AD (Fig. 4C) , which both were shown earlier to be required to inhibit AR activity. The fact that FoxO1 interacted with both NTD and LBD regions of the AR (13) raises the possibility that FoxO1 may inhibit N/C interaction through its action on either the NTD or the LBD. We found that the activity of Gal4-LBD on Gal4 reporter induced by androgens was not decreased by FoxO1ca (Fig. 4A) , suggesting that FoxO1 is likely to work through its effect on the NTD to inhibit AR. Consistently, the transcriptional activity, not the level of expression, of the NTD fused to either the Gal4 (Fig. 4D ) or its own DBD (Fig. 4E) was inhibited by FoxO1ca. Furthermore, in in vitro GST pull-down assays, androgen-bound GST-LBD did not coprecipitate a detectable amount of FoxO1 protein in the presence of AR NTD (Fig. 4B) , indicating that the ability of FoxO1 to bind AR NTD is likely to dominate over its binding to AR-LBD.
It is known that the AF-1 in AR NTD is the predominant interface for the binding of p160 SRCs in the presence of androgens (21, 22) . If FoxO1 acts through NTD, it is likely to exert a negative effect on the ability of SRCs to increase AR activity. Indeed, ectopic SRC1 expression in 293 cells significantly increased androgen-stimulated transcriptional activity of the AR, which was suppressed by the coexpression of FoxO1ca (Fig.  5A ). Parallel Western analyses showed that FoxO1ca decreased the expression of neither SRC1 nor AR (Fig. 5A) . These analyses suggest a specific suppressive effect of FoxO1ca on the ability of SRC1 to stimulate AR activity. Similarly, when AIB1 was transfected into LNCaP cells, it increased the transcriptional activity of endogenous AR induced by DHT as expected, which was negated by FoxO1ca in a dose-dependent manner (Fig. 5B) . Studies with transcriptional intermediary factor 2 (data not shown) also yielded similar results as with SRC1.
Mammalian two-hybrid assays showed an interaction of the AR NTD with FoxO1ca (aa 150 -655) but not with FoxO1 (aa 1-150) that was expressed to a level higher than FoxO1ca (aa 150 -655) (Fig. 5C ). The increase in GalLuc reporter activity was not due to the enhancement of GalFoxO1ca (aa 150 -655) transactivation by AR NTD because AR⌬LBD, which contains the NTD but is not fused to VP16, did not increase the reporter activity. Similar two-hybrid assays showed that FoxO1ca did not interact with AIB1 (Fig. 5D ) but suppressed its interaction with the AR NTD (Fig. 5E ). In agreement with the results from AR transcriptional assays (Fig. 3, B and C) and the N/C interaction studies (Fig. 4A), FoxO1ca (aa 150 -655) , not other fragments, inhibited the interaction between AIB1 and AR NTD to the same degree as full-length FoxO1ca (Fig. 5F ). More importantly, FoxO1 inhibited the ability of in vitro-translated SRC1 to bind to the GST-AR-NTD in test tube reactions (Fig. 5G ) and the recruitment of SRC1 to the AREs in the promoter and enhancer of two androgen target genes (Fig. 6A) , prostate-specific antigen (PSA) and kallikrein-related peptidase 2 (KLK2), without an effect on the level of the AR or SRC1 expression (Fig.  6B) . These data suggest that the suppression of SRC binding to AR NTD, in addition to the suppression of AR N/C interaction, represents a new mechanism for AR inhibition by FoxO1.
FIG. 5.
FoxO1 antagonizes the positive effect of the p160 coactivators on AR by inhibiting their binding to AR NTD. A, COS-7 cells were transfected with 50 ng AR, 0.5 g AREe1bluc, and 0.1 g pSG5-HA-SRC1a together with 0.5 g HA-FoxO1ca or control vector and treated with EOH or 10 nM R1881. Luciferase activity was determined and normalized with ␤-gal. The expression of indicated proteins was determined by immunoblotting with antibodies against HA (for SRC1 and FoxO1), AR, or ␤-actin. B, LNCaP cells were transfected with 0.5 g p(Ϫ286/ϩ28)PBLuc, 0.1 g pCMV␤, 0.1 g AIB1, and HA-FoxO1ca at indicated amounts and treated with EOH or 10 nM DHT. Endogenous AR activity was measured. C, COS-7 cells were transfected with 0.3 g Galluc, 0.1 g pCMV␤, and 0.1 g VP16, PM, GalFoxO1ca (aa 150 -655), VP16ARNT, AR⌬LBD, or GalFoxO1 (aa 1-150) as indicated. Luciferase activity was determined and normalized with ␤-gal. The expression of indicated proteins was determined by immunoblotting with antibodies against Gal4, ARNT, or ␤-actin. D, COS-7 cells were transfected with 0.3 g GalLuc, 0.1 g pCMV␤, 0.1 g VP16, PBIND, PBINDAIB1, VPARNT, or VPFoxO1ca, as indicated. Luciferase activity was determined and normalized with ␤-gal. The expression of indicated proteins was determined by immunoblotting with antibodies against Gal4, FoxO1, ARNT, and ␤-actin, respectively. E, COS-7 cells were transfected with 0.3 g GalLuc, 0.1 g pCMV␤, 0.1 g VP16, PM, PBINDAIB1, VPARNT, or HA-FoxO1ca as indicated. Luciferase activity was determined and normalized with cognate ␤-gal activity. F, COS-7 cells were transfected as in panel E but with different FoxO1ca fragments. Luciferase activity was determined and normalized to measure the effect of FoxO1 fragments on the AR-AIB1 interaction. G, Purified GST or GST-ARNT was incubated with in vitro translated HA-SRC1a 977-1441 in the presence or absence of Flag-FoxO1. Bound proteins were immunoblotted with anti-HA antibody. Immunoblots of reticulocytic lysates with M2 and HA11 and a picture of Coomassie blue-stained recombinant GST-ARNT and GST were shown as quality controls. RLU, Relative luciferase units.
FoxO1 mediates the negative effect of the PTEN on AR N/C interaction and SRC1 binding and suppresses androgen-induced proliferation and prostate-specific antigen (PSA) expression in PCa cells
So far, we have demonstrated that FoxO1 mediated the negative effect of PTEN on AR transcriptional activity and interfered with AR N/C interaction as well as the binding of the p160 coactivators to AR NTD. The next question is whether PTEN inhibits AR activity through the same mechanisms. As shown in Fig. 7A , wild-type PTEN significantly decreased AR N/C interaction induced by androgen treatment in PC3 cells as compared with phosphatase-inactive PTEN. More importantly, FoxO siRNA negated the majority of the suppressive effect exerted by PTEN. Similar to the AR N/C interaction, the ability of AIB1 to increase AR transcriptional activity (Fig. 7B) and the interaction between AIB1 and AR NTD (Fig.  7C ) was suppressed by wild-type PTEN, which was partially relieved by FoxO siRNA. At the same dose, PTEN did not decrease basal GalLuc activity or the transcriptional activity of Gal4-AIB1. These data show that PTEN inhibits AR N/C interaction and AIB1 recruitment through FoxO factors.
If FoxO1 mediates the inhibition of AR activity and interferes with AR N/C interaction and coactivator recruitment, restoring the expression of active FoxO1 in PTEN-null cells in which endogenous FoxO factors are mainly dislocated to cytosol and degraded should exert a negative effect on the biological activity of endogenous AR. When PTEN-null LNCaP cells were infected, as a control, with a recombinant adenovirus expressing green fluorescent protein (GFP) (Ad-GFP), PSA expression was significantly induced by treatment with R1881. In a parallel experiment, infection with a recombinant adenovirus expressing both GFP and FoxO1ca (Ad-GFP-FoxO1ca) significantly decreased androgen induction of PSA expression (Fig. 7D ). This inhibition was not due to a decrease in the level of AR protein expression (Fig. 7D) . The comparable expression of the GFP proteins in all the lanes shows that the same number of viral particles was used in the studies. Similar to PSA expression, treatment of LNCaP cells infected with control GFP virus with R1881 induced an increase in cell numbers as measured in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. The induction was significantly suppressed (P ϭ 0.0017) in cells infected with Ad-GFP-FoxO1ca (Fig. 7E ). These analyses demonstrate that, in PCa cells, the repression of AR transcriptional activity by FoxO1 can be translated into the impaired biological actions of androgens through endogenous AR.
Discussion
As discussed earlier, loss of the PTEN tumor suppressor is an important event during human prostatic tumorigenesis. Our previous studies identified PTEN protein as an AR suppressor that opposes androgen actions in prostate cells through AKT inhibition (12) . The present studies provide multiple lines of evidence to support the mechanism (Fig. 7F ) that PTEN acts through nuclear FoxO factors to disrupt AR N/C interaction and coactivator recruitment to AR NTD, resulting in decreased transcriptional activity of the AR and the suppression of androgen action. First, FoxO1 siRNA relieved the inhibition of AR activity by ectopic PTEN in PTEN-null cells and increased AR activity in PTEN-intact cells. Second, the constitutively nuclear FoxO1 inhibited AR activity in a dose-dependent manner in PTEN-null cells whereas wild-type FoxO1 had little effect. Along with our observation that wild-type FoxO1, FOXO3a, and FOXO4 inhibited AR activity in PTEN-intact cells (data not shown), these data suggest that it is the nuclear FoxO factors that inhibit AR activity. Third, nuclear FoxO1 inhibited AR N/C interaction and SRC recruitment to AR NTD and to the AREs of androgen target genes. PTEN exerted a similar effect, which was relieved by FoxO siRNA, suggesting that endogenous FoxO factors inhibit N/C interaction and SRC binding in a manner sensitive to PTEN status. Finally, adenovirus-mediated delivery of nuclear FoxO1 into PTEN-null LNCaP cells suppressed androgen-induced PSA production and cell growth, indicating that the inhibition of the transcriptional activity is likely translatable into suppression of the biological actions of androgens by PTEN and FoxO factors. The model shown in Fig.  7F implies that increased expression or activity of AIB1 or AKT, two known prostatic oncogenes, or decreased expression or nuclear activity of FoxO factors themselves will have a similar consequence on androgen actions in prostate cells as the loss of PTEN. They all expose prostate cells to increased growth stimulation by androgens.
During our investigations, two groups reported the inhibition of AR activity by FoxO1 (23, 24) . Dong et al. (23) showed the inhibition without describing the underlying mechanism. Fan et al. (24) showed that FoxO1 inhibited AR nuclear localization, subnuclear distribution, and DNA binding and yet detected FoxO1 on the promoter of PSA gene together with the AR. Different from our previous finding that FoxO1 interacted with both AR NTD and the LBD (13), Fan et al. confirmed the androgen-induced interaction with LBD but reported that FoxO1 did not interact with AR NTD, leading to their assumption that the AR inhibition by FoxO1 was due to interaction with AR LBD. It is important to point out that, in their two- hybrid assays, Fan et al. used AR NTD fused to Gal4 DBD as one of the hybrid molecules to show a lack of FoxO1 interaction. Because AR NTD fused to Gal4 DBD strongly activated GalLuc reporter by itself (Fig. 4D) , it is difficult to measure protein-protein interactions with this construct in mammalian two-hybrid assays. More importantly, the two-hybrid assays based on AR NTD fused to Gal4 DBD could not separate two opposing activities of FoxO1: the binding that increases the Gal4 reporter activity and the inhibitory effect of FoxO1 on the transcriptional activity associated with AR NTD, which decreases the reporter activity. Using FoxO1ca (aa 150 -655) fused to Gal4 DBD and AR NTD fused to VP16 activation domain, we detected a measurable interaction between FoxO1 and AR NTD. Furthermore, we found that transcriptional activity of AR NTD with its own DBD or Gal4 DBD was inhibited by FoxO1ca, whereas the activity of AR LBD fused to Gal4 was neither inhibited by FoxO1ca (Fig. 4A ) nor increased by FoxO siRNA (data not shown). In addition to the inhibition of AR activity by FoxO1, our earlier studies showed that androgens inhibited FoxO activity through the AR (13) . It remains to be determined whether the FoxO1 interaction with AR LBD is important for the suppression of AR activity by FoxO1 or the suppression of FoxO1 activity by androgens.
Unlike other members of the nuclear hormone receptor family, which usually contain a strong AF-2 in their LBD, the recruitment of p160 SRCs to AR is mediated primarily by the AF-1 domain in the NTD (21, 22) . The AF-1 is known to exhibit strong constitutive activity, and deletion of the LBD creates a molecule that activates androgen target genes to the same extent as the full-length receptor in the presence of ligand (3, 22) . Consistent with this scheme, our analyses showed that FoxO1 inhibited p160 SRC recruitment to the AR NTD. Two possible ways could be envisioned for FoxO1 to attenuate the interaction between AR NTD and coactivators. One would involve competition of FoxO1 and SRCs for the AR NTD. Alternatively, FoxO1 squelches the limited coactivators from AR, because both AR and FoxO1 are transcription factors. The observations that FoxO1 did not bind to SRCs, that both FoxO1 and SRCs bound to AR NTD, and that FoxO1 inhibited the binding of SRCs to NTD (Figs. 5 and 6 ) support the competition instead of the squelching mechanism of action. Our mapping analyses showed that the FoxO1 fragment deleted of the forkhead box lost whereas the DNA-binding deficient FoxO1 mutant retained the ability to inhibit AR (Fig. 3) , suggesting that the AR inhibition requires the forkhead box but not the ability of FoxO1 to bind DNA. This is consistent with the competition mechanism. In addition to the forkhead box, the ability of FoxO1 to inhibit AR also requires the C-terminal AD because FoxO1ca (aa 150 -537), which contains an intact forkhead box but lacks the AD, inhibited neither AR activity in PC3 cells (Fig. 3B) nor the interaction of AR NTD with SRCs (data not shown). Clearly, neither the N-terminal 1-150 amino acids of FoxO1 nor the putative NR box is required for AR inhibition. Although the exact mechanism underlying the disruption of the interaction between AR NTD and p160 coactivators by FoxO1 remains to be defined, it is interesting to note that FoxO1 has recently been reported to bind core histones in nucleosomes and cause chromatin opening (25) . It will be interesting to find out whether the ability of FoxO1 to open chromatin plays any role in the displacement of p160 SRCs from AR target gene promoters.
The AR N/C interaction makes a major contribution to AR transcriptional activity. It influences receptor dimerization and slows down the dissociation of ligand from LBD as well as AR degradation. Mutations that disrupt AR N/C interactions have been linked to androgen-insensitive syndrome (26, 27) . In addition to the competition with coactivator recruitment to NTD, our data suggest that the disruption of AR N/C interaction is another mechanism underlying the AR inhibition by the PTENFoxO axis. It is important to note that coactivator recruitment and N/C interaction are two closely related events. SRC proteins have been reported to interact with both the NTD and the LBD to bridge the N/C interaction (6, 28, 29) , and the efficient recruitment of certain coactivators to the NTD of native AR appears also to require N/C interaction (22) . Consistent with the association of the two events, FoxO domains necessary for inhibition of N/C interaction were also required for the interference with coactivator binding. Nevertheless, AR N/C interaction was found not to be always required for the transcriptional activity of the AR because ligands that do not support the interaction still activate AR when used at sufficiently high concentrations, and peptides that block the N/C interaction do not necessarily inhibit AR transcriptional activity (30, 31) . Mutation in the NTD (I182A/L183A) interfered with the AR N/C interaction and dramatically impaired the activity of full-length AR but had little effect on the intrinsic transcriptional activity associated with the NTD (22) . In Fig. 5 , we showed that FoxO1 inhibited the activity of AR NTD, which is clearly free of N/C interaction. The data suggest that the effect of FoxO1 on coactivator recruitment does not depend on N/C interaction.
Because PTEN inhibits AKT activity, the function of all AKT substrates is expected to be regulated by PTEN. However, FoxO factors are arguably the best AKT substrates the role of which in mediating PTEN actions has been consistently demonstrated by both genetic and biochemical analyses. Genetic analyses in Caenorrhabitis elegans have shown that Daf-16, the sole worm FoxO factor, acts downstream of PTEN to regulate stress response and longevity (32, 33) . Similarly, genetic analysis in mice has placed FoxO3a downstream of PTEN in controlling the premature follicular activation (34). Our conclusion that nuclear FoxO proteins serve as the mediator for the suppressive effect of PTEN on the AR is consistent with the observation that AKT is involved in AR inhibition by PTEN (12) but does not directly increase AR activity through receptor phosphorylation at putative AKT sites (35, 36) . The conclusion is also consistent with the demonstrated synergy between AR and AKT in PCa progression (37) .
Based on our initial observation that PTEN inhibited AR activity, we predicted that PTEN deletion would induce prostate tumorigenesis through unopposed action of the AR and contribute to resistance of PCa to androgen ablation therapy (38) . This prediction was supported by studies with prostate-specific genetic deletion of PTEN in mice (39) and cell lines (40) . The current study argues that the depletion of FoxO factors would have a similar effect on androgen-independent growth of PCa cells. Unlike PTEN expression, which is frequently lost in advanced PCa, multiple FoxO factors are redundantly expressed in PCa cells (41) . Therefore, restoring the expression of FoxO factors back to the nucleus through targeted inhibition of PI3K-AKT pathway would offer a possible approach to oppose androgen-AR action and to sensitize PCa to androgen ablation therapy.
Materials and Methods
Plasmids
Immunoblotting analysis
To determine protein expression, cells transfected in parallel with cells prepared for reporter assays or infected with adenovirus were lysed in modified radioimmune precipitation assay buffer containing 50 mM Tris (pH. 7.4), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1 mM Na 3 VO 4 , 1 mM NaF, and protease inhibitor mixture (Calbiochem, San Diego, CA). The lysate was separated on an 8% or 10% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was probed with antibodies for AR (PG21; Upstate Biotechnology, Inc., Billerica, MA), ARNT (sc-7305; Santa Cruz Biotechnolog, Inc., Santa Cruz, CA), FoxO1 (H-128, Santa Cruz), Gal4 DBD (Santa Cruz), PTEN (Santa Cruz), HA (HA11; Berkeley Antibody Laboratories, Berkeley, CA), Flag (M2, Sigma), ␤-actin (Sigma), PSA (Santa Cruz), and GFP (Abcam, Cambridge, MA), and bands were visualized with enhanced chemiluminescence as described (12) .
GST pull-down assays
AR NTD and HA-SRC1a⌬ protein were produced by in vitro transcription-coupled translation from pcDNA3-ARNT or pSG5.HA-SRC1a 977-1441 with the TNT T7-coupled reticulocyte lysate system (Promega Corp.) according to the manufacturer's protocol. GST and its fusion proteins were purified (13) , and GST pull-down assays were performed (21) as previously described. Bound proteins were extracted from washed beads with hot sodium dodecyl sulfate sample buffer, resolved in an 8% SDS-PAGE gel, and probed with specific antibodies.
Chromatin immunoprecipitation (ChIP) assays
For ChIP assays, LNCaP cells were starved in RPMI medium supplemented with 5% sFBS for 3 d and transfected with plasmids using Nucleofector Kit (Amaxa, Inc., Gaithersburg, MD), following the vendor's protocol.
Next, the cells were treated with 10 nM DHT or EOH for 2 h. ChIP assays were performed using a ChIP assay kit (Upstate) as described by Shang et al. (46) . Briefly, the cells were treated with 1% formaldehyde for 10 min at room temperature and sonicated four times for 10 sec each with the power input of the sonicator (Digital Sonifier, model 450; Branson Ultrasonics Corp., Danbury, CT) set at 30%. Immunoprecipitations were performed overnight at 4 C with specific antibodies, followed by incubation with 60 l of salmon sperm DNA/Protein A agarose slurry for 1 h. Eluted DNA fragments were purified with the QIAquick Spin Kit (QIAGEN, Chatsworth, CA) and amplified by PCR for 35 cycles with primers for AREI (46) , AREIII (47), KLK2 (48) , and ␤-actin (46).
Adenovirus infection and colorimetric MTT assay
Recombinant adenovirus expressing GFP-FoxO1TSSA (GFP-FoxO1ca) and GFP control vector were gifts from Dr. J. Milbrandt (49) . The recombinant virus was purified on a cesium chloride gradient, titrated, aliquoted, and stored at Ϫ80 C. For infections, purified adenovirus was added to LNCaP cells at a 100 multiplicity of infection in RPMI media containing 5% sFBS for 24 h. Infected cells were washed with medium and cultured for 24 h in the same medium containing ethanol or 10 nM R1881 before cell extracts were prepared for immunoblotting analyses.
For MTT assays, LNCaP cells were plated in RPMI 1640 in 96-well plates containing 10% FBS at 5 ϫ 10 4 cells per well and infected with recombinant adenovirus as described above. Cells were treated with EOH or R1881, and MTT assays were performed as previously described (12) . Absorbance at 595 nm (OD 595 ) was determined with a MRX microplate reader (DYNEX Technologies, Chantilly, VA). For each data point, eight samples were analyzed in parallel. The analyses were repeated two times. Statistical analysis was performed using the independent sample t test.
